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Abstract
Electronic structures of N-doped and undoped Mg0.25Zn0.75O/ZnO superlattices (SLs) were
investigated by using a first-principles calculation. The partial charge density profiles show
that electron and hole states are separated into ZnO and N-doped Mg0.25Zn0.75O layers. This
property is further confirmed by the calculations of layer-projected density of states, which
demonstrate that a type II band alignment is produced in an N-doped Mg0.25Zn0.75O/ZnO SL.
The bandgap of the type II band alignment was evaluated to be adjusted through different
MgO mole fractions. The results suggest the N-doped MgxZn1−x/ZnO SLs to apply to
ultraviolet photodetectors with different cut-off wavelengths.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
In recent years, ultraviolet (UV) photodetectors have been
the subjects of intense scientific research because of their
extensive applications in high-temperature flame detection,
accurate measurement of radiation for the treatment of UV
irradiated skin, air quality monitoring, space research, etc
[1]. Due to well-established technology, ‘UV-enhanced’
silicon photodiodes are the most common devices for UV
photodetection [2–4]. Nevertheless, Si-based UV photodiodes
exhibit some limitations, especially device ageing and large
dark current [1, 5]. In order to surmount these disadvantages,
much effort has been devoted to research on wide-bandgap
(WBG) semiconductor materials, such as diamond [6], SiC
[7], III-nitrides [8] and ZnO [9, 10]. Among them, ZnO-
based semiconductors are attracting more and more attention
due to its abundance, chemical stability and lack of toxicity.
Although great progress has been made, p-type conductivity
in ZnO is still difficult to obtain [11–13], which obstructs
the fabrication of the p-n or p-i-n photodetector. Recently,
a type II or staggered band alignment of heterojunctions,
such as ZnO/ZnS, ZnO/ZnTe [14] and ZnO/ZnSe [15],
1 Author to whom any correspondence should be addressed.
has been proposed to separate the light-induced electrons
and holes in solar cells. In light of this, the type II band
alignment is applicable to the UV photodetector. However,
the bandgaps of ZnO/ZnS, ZnO/ZnTe and ZnO/ZnSe are
reduced to 2.070, 1.168 and 1.84 eV, respectively, which are
too narrow for the UV photodetector. Additionally, they
are toxic and/or less stable. In contrast, MgxZn1−xO alloy
can overcome these shortcomings, and the lattice mismatch
between ZnO and MgxZn1−xO alloy is small. Moreover,
the MgxZn1−xO/ZnO heterojunction may be a more suitable
candidate for forming the type II band alignment because the
Fermi level in MgxZn1−xO alloy can be adjusted by enhancing
the incorporation of nitrogen [16].
In this work, the electronic structures of undoped and
N-doped Mg0.25Zn0.75O/ZnO SLs are investigated in detail
by the first-principles calculations to find out their possibility
for UV photodetector application. The partial charge density
profiles are calculated to understand the spatial separation of
electron and hole states. The layer-projected DOS is used
to demonstrate the variation of band alignment and bandgap.
The quantitative changes of valence band offsets are further
calculated. Finally, the modification of the bandgap and
possible application of the N-doped MgxZn1−xO/ZnO SLs
for the ultraviolet photodetector are discussed.
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Figure 1. Crystal structures of the undoped Mg0.25Zn0.75O/ZnO
superlattice (SL1) and N-doped Mg0.25Zn0.75O/ZnO superlattice
(SL2).
2. Models and calculation details
Undoped and N-doped Mg0.25Zn0.75O/ZnO SLs are
constructed on 128-atom (2 × 2 × 8) wurtzite
supercells periodically repeated along [0 0 0 1], as shown in
figure 1. They consist of an 8-bilayers undoped or N-doped
Mg0.25Zn0.75O layer and an 8-bilayers ZnO layer, denoted
as SL1 or SL2, respectively. By substituting the N-doped
ZnO or Mg0.50Zn0.50O layer for the N-doped Mg0.25Zn0.25O
layer, N-doped ZnO/ZnO and Mg0.50Zn0.50O/ZnO SLs are
constructed. To ensure uniform distribution of Mg atoms in
the MgxZn1−xO layer, each bilayer contains 0, 1 and 2 Mg
atoms for x = 0.00, 0.25 and 0.50, respectively. For N-doped
SLs, N atoms are substituted into O sites in the third and sixth
bilayers of MgxZn1−xO layers. Two types of interfaces are
located at the 8th bilayer in the MgxZn1−xO layer and the
16th bilayer in the ZnO layer, noted as (0 0 0 1) and (0 0 0 −1)
interfaces, respectively.
The first-principles calculations based on the density
functional theory (DFT) [17, 18] were carried out with ‘Vienna
Ab-initio Simulation Package’ (VASP) [19]. The electron–ion
interactions were described by ultra-soft pesudopotentials [20]
with the Perdew–Wang 1991 (PW1991) generalized gradient
approximation (GGA) correction [21], using a cut-off energy
of 395.99 eV to limit the plane-wave basis set. Brillouin zone
integrations were performed for (4 × 4 × 2) Monkhorst–Pack
grids [22]. The lattice in each configuration was set to match
the lattice of ZnO initially; a conjugate-gradient algorithm
in which the total energy was made to converge within
1 × 10−4 eV is employed to optimize the atomic geometry.
Zinc 3d electrons were treated as valence electrons.
3. Results and discussion
An optical detector is a transducer that creates mobile electron–
hole pairs by absorbing photons in the semiconductor, and then
separates the charge carriers to opposite directions. Thus, it
converts an optical signal into an electrical signal. To directly
observe whether or not the N-doped Mg0.25Zn0.75O/ZnO SL
separates the electron and hole states, the partial charge density
of the conduction band minimum (CBM) and the valence band
maximum (VBM) states were calculated and plotted along the
[0 0 0 1] directions, as shown in figure 2. The distributions of
(a)
(b)
Figure 2. Partial charge density profiles for CBM (a) and VBM
(b) as a function of positions along the [0 0 0 1] direction.
the CBM and VBM partial charge densities are characterized
by a series of peaks that almost coincide with the site of atomic
layers for both N-doped and undoped SLs. In the case of an
undoped Mg0.25Zn0.75O/ZnO SL, the partial charge densities
of the CBM and VBM states (solid line) are both mainly
distributed in the ZnO layer, consistent with the feature of
quantum well where the electron and hole states are confined
in the layer with narrow bandgap. Due to the polarization
field, the centers of the partial charge densities of the CBM
and VBM states lie on different position, close to the (0 0 0 −1)
and (0 0 0 1) interfaces, respectively. Although the peak of
partial charge densities of the VBM states is much higher than
that of the CBM states, their integrated value is almost the
same as that of the CBM states. In contrast, the partial charge
densities of the VBM states (dotted line) are concentrated in the
sixth bilayer of the N-doped Mg0.25Zn0.75O/ZnO SL, leading
to an increase in the peak of the partial charge densities of
the VBM states by about three times as compared with that
of undoped SL1. Meanwhile, the partial charge densities
of the CBM states are still basically kept on in the ZnO
layer. Consequently, the electron and hole states are spatially
separated. To make the story short, when the mobile electron–
hole pairs are created, it is possible to separate them to ZnO
and N-doped Mg0.25Zn0.75O layers, respectively.
In order to understand the spatial carrier separation, the
layer-projected densities of states (PDOS) are calculated to
directly analyze the changes of the valence and conduction
band edges. Figure 3 shows the PDOS along the [0 0 0 1]
directions, where the values of the DOS are represented in
different gray levels with the energy as the ordinate and the
positions of the individual bilayers as the abscissa axis. It
can be seen clearly that the undoped Mg0.25Zn0.75O/ZnO
SL exhibits a type I lineup, which is consistent with
previous results [23, 24]. However, in the N-doped
Mg0.25Zn0.75O/ZnO SL, the conduction and valence band
edges in the Mg0.25Zn0.75O layer shift to higher energy. As a
result, the valence band edge is even higher than that in the ZnO
layer, and the band alignment switches from type I to type II.
This feature is similar to that of the Mg-doped AlGaN/GaN
SL [25]. Therefore, the spatial separation of electrons and
holes in ZnO and N-doped Mg0.25Zn0.75O layers, respectively,
is attributable to the type II band alignment.
Generally, the band alignment and bandgap are dependent
on the conduction and valence band offsets. We only
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Table 1. EVB of N-doped and undoped bulk ZnO and MgxZn1−xO.
ZnO Mg0.25Zn0.75O Mg0.50Zn0.50O
Undoped N-doped Undoped N-doped Undoped N-doped
EVB (eV) 0.3927 0.4363 0.7291 0.9414 1.1001 1.4065
Figure 3. Projected densities of states for individual bilayers in
undoped and N-doped Mg0.25Zn0.75O/ZnO superlattices (SL1 and
SL2). The abscissa axis is the position of the individual bilayers
arranged along the [0 0 0 1] direction, the ordinate axis is the energy
and the gray level represents the values of PDOS.
calculated the valence band offset since the sign of conduction
band offset is kept on in the N-doped Mg0.25Zn0.75O/ZnO SL.
The valence band offset (VBO) of the heterostructure is related
to the valence-top difference of the two bulk materials EVB
and the macroscopic averages of the electrostatic potential
step across the interface V [26], as shown in the inset of
figure 4. All the valence-tops EVB of N-doped or undoped bulk
ZnO and MgxZn1−xO were calculated and are summarized in
table 1. The valence-top difference EVB (EVB = EVB2 −
EVB1) is calculated to be −0.3364 and −0.5487 eV for SL1
and SL2, respectively. Using the data of the electrostatic
potentials in the supercells provided by the self-consistent
calculations, the macroscopic averages of the electrostatic
potential along the [0 0 0 1] directions are obtained with
the macroscopic average techniques [27]. As shown in
figure 4, the macroscopic averages of the electrostatic potential
are inclined in the Mg0.25Zn0.75O layer but slide in the ZnO
layer for undoped SL1, which suggests that the built-in electric
field is along the [0 0 0 −1] direction in the Mg0.25Zn0.75O
layer, while along the [0 0 0 1] direction in the ZnO layer. The
emergence of the built-in electric field is due to spontaneous
and piezoelectric polarization effects, which will reduce the
bandgap of the SL. This is the so-called quantum-confined
Stark effect (QCSE). The step of the macroscopic average
of the electrostatic potentials across the interface V (V =
V2 − V1) in the N-doped SL2 is estimated to be 0.4640 eV
smaller than that of the undoped SL1 of 0.6823 eV. Based
Figure 4. Macroscopic averages of the electrostatic potentials along
the [0 0 0 1] direction in SL1 (solid line) and SL2 (dashed line). The
energy band diagram for the type-II superlattice at equilibrium is
schematically depicted in the inset.
on the above calculated data, the valence band offsets
are deduced by VBO = EVB + V to be 0.3549 and
−0.0847 eV for SL1 and SL2, respectively. The positive VBO
of SL1 means that the hole states are confined in the ZnO layer,
and the negative VBO for SL2 indicates that the hole states
are confined in the MgZnO layer due to the lowest energy
states for holes there. The ultimate sign change of the VBO
means that the hole states have transferred from the ZnO layer
to the Mg0.25Zn0.75O layer. In other words, by N doping in
the Mg0.25Zn0.75O layer, V is reduced and the valence-top of
the Mg0.25Zn0.75O layer is shifted to higher energy, ultimately
formed type II band alignment.
On the other hand, the bandgap of N-doped SL2 is
estimated to be 0.914 eV smaller than that of undoped SL1
of 0.999 eV. The calculated results are much smaller than
the experimental values because of the well-known deficiency
of the underestimating problem for the bandgap with DFT-
based methods, in which there is a uniform downward shift
of all conduction bands of semiconducting systems. This
effect is more significant in ZnO due to the underestimation of
the repulsion between the Zn 3d and conduction band levels.
According to the calculated bandgap of 0.900 eV for bulk
ZnO, the calculated values are about 2.470 eV smaller than
the experimental ones. However, the calculated ground state
is reliable, and the calculation of valence band offset (VBO)
is independent of the conduction band levels. In a word, the
accuracy of VBO is acceptable; the negative sign of VBO
for the N-doped MgZnO/ZnO SL is significant though the
calculated VBO is small. The effective band gap is generally
obtained by rigid spread [28, 29]. Due to the quantum
size effects, the bandgap of SL1 is larger than that of bulk
3
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Table 2. V, EVB and VBO of N-doped and undoped
MgxZn1−xO/ZnO SLs.
VBO V EVB
SL (eV) (eV) (eV)
ZnO:N/ZnO homojunction −0.0403 0.0033 −0.0436
Mg0.25Zn0.75O/ZnO SL 0.3459 0.6823 −0.3364
Mg0.25Zn0.75O:N/ZnO SL −0.0847 0.4640 −0.5487
Mg0.50Zn0.50O/ZnO SL 0.5766 1.2840 −0.7074
Mg0.50Zn0.50O:N/ZnO SL −0.0928 0.9210 −1.0138
ZnO. Thus, the bandgap of N-doped SL2 is estimated to be
3.384 eV, which holds good for the UV photodetector.
To tune the detection wavelength, the electronic structures
of N-doped and undoped MgxZn1−xO/ZnO SLs with different
compositions were further calculated. According to the
previous results, MgxZn1−xO is stable in wurtzite structure
only in the composition range of x  0.50 [30, 31]; therefore
N-doped and undoped MgxZn1−xO/ZnO SLs with x between
0.00 and 0.50 were investigated in the following. Similarly,
the VBO is positive for undoped SLs and increases as the MgO
mole fraction increases due to the increment of the bandgap of
MgxZn1−xO alloy. It is generally believed that the VBO will
be difficult to decrease and even change the sign for N-doped
SLs as the MgO mole fraction increases. Interestingly, our
calculation shows that the VBOs of N-doped SLs are negative
and decrease even more as the MgO mole fraction increases,
as listed in table 2. Closely examining the affecting factors of
the VBO, it can be known that V is normally increased from
0.0033 eV to 0.9210 eV as the MgO mole fraction increases
from 0.00 to 0.50. However, EVB is decreased even more
dramatically from −0.0436 eV to −1.0138 as x varies from
0.00 to 0.50. As the result, the type II band alignment is
more significant and then the bandgap is reduced as the MgO
mole fraction increases. To understand the above unique
behavior, we evaluated the difference between the Fermi
level and the valence-top of the N-doped MgxZn1−xO layer.
Compared to N-doped ZnO/ZnO, the difference is reduced by
0.0444 and 0.0525 eV for N-doped Mg0.25Zn0.75O/ZnO and
Mg0.50Zn0.50O/ZnO SLs, respectively. This is attributable to
the decrease of ionization energy of NO in MgZnO alloy [16].
Thus, in the band alignment of N-doped MgxZn1−xO/ZnO
SLs, the valence-top of MgxZn1−xO is higher than that of
ZnO, forming a type II band alignment to separate the electron
and hole states into ZnO and N-doped MgxZn1−xO layers
and narrowing the bandgap to tune the cut-off wavelength
toward the long-wave band as the MgO mole fraction
increases.
4. Conclusion
In summary, we investigated the electronic structures of N-
doped and undoped MgxZn1−xO/ZnO SLs using the first-
principles calculations. The calculated layer PDOS and
the partial charge density profiles demonstrate that a type
II band alignment with a VBO of −0.0847 eV and spatial
separation of electron and hole states appear in the N-doped
Mg0.25Zn0.75O/ZnO SL. Such a unique behavior may be
due to the decrease of ionization energy of NO in MgZnO
alloy, which shifts the valence-top of MgxZn1−xO to higher
energy. Moreover, the bandgap of the type II band alignment
was evaluated to be reduced for MgxZn1−x/ZnO SLs with
higher MgO mole fractions. The results suggest that the
N-doped MgxZn1−x/ZnO SLs can be used to ultraviolet
photodetectors with different cut-off wavelengths. However,
the absolute value of VBO is actually small that it is difficult
to experimentally measure it, since the measurement error
of the traditional measurement method, such as C–V profiling,
thermionic emission, PL and XPS, is even bigger. In addition,
we are unable to propose a new characterization technique
at present. But it is our hope that the calculation result will
be proved in the future when the measurement accuracy is
improved.
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